Transcriptionally silent genes are maintained in inaccessible chromatin. Accessibility of these genes requires their modification by chromatin remodeling complexes (CRCs), which are recruited to promoters by sequence-specific DNA-binding proteins. Early B-cell factor (EBF), which is crucial for B-cell lineage specification, reprograms mb-1 (Ig-␣) promoters by increasing chromatin accessibility and initiating the loss of DNA methylation. In turn, this facilitates promoter activation by Pax5. Here, we investigated the roles of ATP-dependent CRCs in these mechanisms. Fusion of EBF and Pax5 with the ligand-binding domain of ER␣ allowed for 4-hydroxytamoxifen-dependent, synergistic activation of mb-1 transcription in plasmacytoma cells. Knockdown of the SWI/SNF ATPases Brg1 and Brm inhibited transcriptional activation by EBF:ER and Pax5:ER. In contrast, knock-down of the Mi-2/NuRD complex subunit Mi-2␤ greatly enhanced chromatin accessibility and mb-1 transcription in response to the activators. The reduction of Mi-2␤ also propagated DNA demethylation in response to EBF:ER and Pax5:ER, resulting in fully unmethylated mb-1 promoters. In EBF-or EBF/Pax5-deficient fetal liver cells, both EBF and Pax5 were required for efficient demethylation of mb-1 promoters. Together, our data suggest that Mi-2/NuRD is important for the maintenance of hypermethylated chromatin in B cells. We conclude that SWI/SNF and Mi-2/NuRD function in opposition to enable or limit the reprogramming of genes by EBF and Pax5 during B-cell development.
T he development of B cells from progenitor cells in the bone marrow is controlled by a network of transcriptional regulators (reviewed in 1). Early B-cell Factor (EBF; also known as EBF1/O/E-1/COE1) plays an integral role in this network and has been implicated as a major determinant of the B-cell fate (2, 3) . In the absence of EBF, B-cell development is arrested at an early progenitor stage (3, 4) . EBF is essential for the rearrangement and expression of Ig (Ig) genes in B cells and is required for expression of the B-cell commitment factor Pax5. EBF and Pax5 synergistically activate transcription of B cell-specific genes including mb-1 (Cd79a), which encodes the Ig-␣ subunit of the pre-B and B-cell receptors (5) . We have proposed that EBF functions as a 'pioneer' factor by controlling the epigenetic states of its target genes (6) . In response to EBF, the accessibility of mb-1 promoter chromatin is increased, while DNA methylation of the promoter is decreased.
Specific biochemical interactions necessary for the pioneer functions of EBF have not been identified. However, transitions between active and inactive states of chromatin can be mediated by the recruitment of chromatin-remodeling complexes (CRCs) by transcription factors (7) . CRCs serve as 'molecular motors' that mediate changes in the relative positions of nucleosomes. In this regard, CRCs of the mammalian SWI/SNF (related to yeast switch/sucrose non-Fermenter) subfamily are important for the functions of many tissue-specific transcription factors. SWI/SNF components include the Brahma (Brm/Smarca2) or Brahma-related gene 1 (Brg1/ Smarca4) ATPases, which provide the energy to slide or evict nucleosomes. SWI/SNF CRCs are important for controlling differentiation and proliferation in many cell types. In lymphocytes, CRCs have been implicated in activating transcription and antigen receptor rearrangements (8) (9) (10) .
Mi-2/nucleosome remodeling deacetylase (Mi-2/NuRD) complexes constitute a second class of heterogeneous CRCs that are primarily associated with gene silencing (11) (12) (13) . Mi-2/NuRD complexes include the SNF2-related ATPase Mi-2␤ (Chd4) together with histone deacetylases (HDAC1 and HDAC2), histone binding proteins (RbAp46 and RbAp48), metastasis-associated (MTA) proteins 1, 2, or 3 and methyl(CpG)-binding domain 3 (MBD3) proteins (14, 15) . Mi-2/NuRD induces chromatin compaction via the coupling of nucleosome sliding and histone deacetylase activities. Moreover, Mi-2/NuRD associates with methylated DNA (16) . In these capacities, Mi-2/NuRD has been implicated in the control of both B-and T-cell differentiation (15, 17, 18) .
We investigated roles of SWI/SNF and Mi-2/NuRD complexes in the activation of the mb-1 promoter by EBF and Pax5. Here, we show that the activation of mb-1 promoters by EBF and Pax5 is SWI/SNF-dependent. Activation of mb-1 promoters by EBF and Pax5 is restrained by Mi-2/NuRD, which limits the extent of chromatin remodeling and DNA demethylation.
Results

4-OHT-Dependent EBF and Pax5
. We produced retroviral vectors for expression of FLAG-tagged EBF (18-591) or Pax5 (1-381) as fusion proteins with the ligand-binding domain (residues 282-595) of human estrogen receptor ␣ (ER-LBD). The mutated ER-LBD used here is activated by the synthetic estrogen 4-hydroxytamoxifen (4-OHT) (19) , but the domain does not include sequences that are important for recruitment of SWI/ SNF or Mi-2/NuRD by ER␣ (20) .
We demonstrated previously that enforced expression of Pax5 is sufficient for activation of endogenous mb-1 gene transcription in the M.10 subclone of 558LM plasmacytoma cells (21) . On average, each of these cells possesses 1 hypomethylated mb-1 promoter that is accessible to Pax5 in the absence of EBF. Membrane-bound IgM (mIgM) is displayed on M.10 cells in direct proportion to mb-1 gene transcripts. We expressed Pax5:ER in M.10 cells using MSCV-Pax5:ER-YFP virus. YFP ϩ cells were purified using fluorescence activated cell sorting (FACS) and incubated for 48 h without or with 0.5 M 4-OHT. In the absence of 4-OHT (Fig. 1A) , mIgM ϩ cells were detected at a low frequency (2.6%) and with a low mean fluorescence Author contributions: H.G., K.L., J.R., S.F., and J.H. designed research; H.G., K.L., J.R., S.F., and D.L. performed research; H.G., K.L., J.R., S.F., and J.H. analyzed data; and H.G., K.L., J.R., and J.H. wrote the paper.
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0809485106/DCSupplemental. intensity (MFI) of mIgM staining (MFI ϭ 3.1). Both reflect low levels of mb-1 gene transcripts. In contrast, 4-OHT stimulated mIgM expression on 28.8% of the cells (MFI ϭ 17.9), indicating a significant increase of mb-1 transcripts in response to Pax5:ER.
To generate cells expressing EBF:ER, we expressed the fusion protein stably in the 558LM subclone M.2 (21). Unlike M.10 cells, M.2 cells are refractory to activation by Pax5 because their mb-1 promoters are uniformly hypermethylated in relatively inaccessible chromatin (21, 22) . Following incubation with 4-OHT (Fig. 1B) , M.2 cells expressing EBF:ER exhibited minimal mIgM expression (1.1% mIgM ϩ cells; MFI ϭ 3.9). In the absence of 4-OHT, expression of Pax5 in these cells resulted in few mIgM ϩ cells (3.5% mIgM ϩ cells; MFI ϭ 4.7). However, in the presence of both EBF:ER and Pax5, incubation with 4-OHT increased mIgM ϩ cells (37.8%) and the levels of mIgM that they express (MFI ϭ 121). In other experiments, EBF or EBF:ER exhibited nearly identical abilities to increase mIgM synergistically with Pax5 (Fig. S1) . Therefore, synergistic activation of mb-1 gene expression by the EBF:ER fusion protein is dependent on 4-OHT and Pax5.
Roles of CRCs in Transcriptional Activation of the mb-1 Gene. We tested whether transcriptional activation of mb-1 promoters by EBF and Pax5 requires CRCs. For these experiments we used M.2 cells that stably expressed EBF:ER (M.2ϩEBF:ER cells). The cells were infected with control YFP or Pax5:ER-YFP retroviruses. YFP ϩ cells were collected 48 h after infection. The purified cells were infected to express previously validated shRNAs specific for a sequence that is conserved between Brg1 and Brm transcripts, or specific for mRNA encoding Mi-2␤ (Chd4; referred to hereafter as Mi-2␤) (23) . All cells were incubated with 4-OHT for the final 48 h of culture. After expression of shRNAs for 3 or 4 days, Western analysis demonstrated that Brg1 and Brm ( Fig. 2A) , or Mi-2␤ (Fig. 2B ), proteins were depleted efficiently in the presence of shRNAs. Western blotting also confirmed the expression of EBF:ER and Pax5:ER. Co-expression with Pax5:ER consistently reduced expression of EBF:ER in the presence of 4-OHT.
We next examined the induction of mIgM on cells expressing EBF:ER, Pax5:ER, and/or shRNAs in the presence of 4-OHT (Fig. 2C) (Fig. S1) . Next, we examined whether transcriptional activation in response to EBF:ER and/or Pax5:ER is dependent on SWI/SNF. The Brg1/Brm-specific shRNA reduced the percentage of mIgM ϩ cells induced by either factor, separately or together. In the presence of Pax5:ER, EBF:ER, or both factors together, the shRNA reduced the fraction of mIgM ϩ cells to 1.9% (MFI ϭ 2.7), 2.8% (MFI ϭ 3.8) or 11.7% (MFI ϭ 7.6), respectively (Fig. 2C) . Also, the background expression of mIgM ϩ was reduced by the shRNA alone (from 3.3% to 0.5%). We conclude that EBF and Pax5 both require SWI/SNF for mb-1 promoter activation.
In contrast to the inhibitory effects of knocking down Brg1 and Brm, the knock-down of Mi-2␤ enhanced the frequency of mIgM ϩ cells under all conditions (Fig. 2D) . In M.2 cells alone, the Mi-2␤-specific shRNA had only a small effect on the frequency of mIgM ϩ cells (increased from 3.3% to 7.8%). In the presence of To assess effects of the early B cell-specific factors and CRCs on mb-1 transcription, we isolated RNA from 4-OHT-treated cell cultures and quantitated steady state levels of mb-1 mRNA transcripts using quantitative PCR (qPCR). Relative to uninfected cells (Fig. 2E) , mb-1 transcript levels were unchanged in M.2 cells in the absence of EBF:ER and Pax5:ER, regardless of the status of Brg1/Brm or Mi-2␤ (1.7-or 1.1-fold with knock-downs, respectively). Expression of Pax5:ER alone resulted in increased mb-1 transcripts (5.7-fold relative to control; P Ͻ 0.005) that were dependent on Brg1/Brm (reduced to 2.4-fold in the presence of Brg1/Brm shRNA). As expected from the flow cytometry data, expression of Pax5:ER together with the knock-down of Mi-2␤ increased transcript levels to 18.4-fold (P Ͻ 0.004). In the presence of EBF:ER alone, mb-1 transcription was stimulated weakly (2.3-fold) relative to that in control M.2 cells. The weak activation by EBF:ER was relatively unaffected by the knock-down of Brg1/Brm (2.2-fold); however, the knock-down of Mi-2␤ increased activation to 9.8-fold (P Ͻ 0.0003). Synergistic effects were observed in the presence of EBF:ER and Pax5:ER, which strongly increased mb-1 transcripts (70.4-fold; P Ͻ 0.002). This was greatly reduced by the knockdown of Brg1/Brm (to only 8.0-fold; P Ͻ 0.002). Significantly, in the presence of EBF:ER and Pax5:ER, the knock-down of Mi-2␤ increased mb-1 transcripts 1,727-fold (P Ͻ 0.002).
Previously, we concluded that EBF increases the accessibility of mb-1 promoter DNA (22) . In turn, this facilitates DNA binding and activation of the promoter by Pax5. To determine whether changes in DNA accessibility are mediated by CRCs, we measured the relative accessibility of a Sau96I restriction site in mb-1 promoters in intact nuclei (the location of the Sau96I site is indicated in Fig. 3A ). Nuclei were obtained from 4-OHTtreated cells and incubated with a limiting concentration of Sau96I enzyme (Test). Signals obtained from completely cleaved DNA are shown (Control). As demonstrated in Fig. 2F , mb-1 promoters in un-manipulated M.2 cells were relatively inaccessible to Sau96I digestion (arbitrarily assessed as 1.0). Knockdowns of Brg1/Brm or Mi-2␤ affected mb-1 promoter accessibility only slightly in the absence of EBF:ER or Pax5:ER (1.0-or 1.5-fold, respectively). Activation of EBF:ER increased accessibility by 2.9-fold. This activity was decreased by the knock-down of Brg1/Brm (reduced to 1.1-fold). We conclude that EBFdependent chromatin remodeling is dependent on SWI/SNF. In contrast, the knock-down of Mi-2␤ increased accessibility induced by EBF:ER (to 5.9-fold). Accessibility was not affected by Pax5:ER alone (1.4-fold). In the presence of Pax5:ER, accessibility was enhanced 2.4-fold by the knock-down of Mi-2␤. We 
bility in concert (3.8-fold relative to control M.2 cells). This increase was blocked by the knock-down of Brg1/Brm (reduced to 1.3-fold), but the knock-down of Mi-2␤ increased accessibility potently when both EBF:ER and Pax5:ER were active (10.4-fold).
We performed chromatin immunoprecipitation (ChIP) analyses to measure changes in factor occupancy of mb-1 promoters in response to EBF:ER, Pax5:ER and Mi-2␤ shRNA. As expected from the increase in mb-1 transcripts, ChIP assays detected increased occupancy of mb-1 promoters in M.2 cells by RNA polymerase II (pol II) in the presence of these inducers (Fig. S2 A) . We also detected the association of Brg1 with mb-1 promoters, confirming that it is recruited in the course of mb-1 promoter activation. Notably, the knock-down of Mi-2␤ increased detection of associated Brg1. Increased detection of pol II and Brg1 correlated with reduced levels of histone H3 at mb-1 promoters in cells expressing EBF:ER, Pax5:ER and Mi-2␤ shRNA (Fig. S2B ). This suggests that nucleosomes are repositioned or removed during mb-1 transcriptional activation.
The question arose as to whether other genes are reprogrammed similarly in M.2 cells by EBF, Pax5 and CRCs. Previous reports demonstrated that activation of murine and human promoters of Cd19 genes, which encode a costimulatory receptor on B cells, is dependent on EBF and Pax5 (24) (25) (26) . Therefore, we measured Cd19 transcripts in M.2 cells expressing EBF:ER, Pax5:ER, or both factors in the presence of Brg1/Brm-or Mi-2␤-specific shRNAs and 4-OHT (Fig. S3) . Similar to the control of mb-1 expression, EBF:ER and Pax5:ER increased endogenous Cd19 transcripts synergistically (23.5-fold; P Ͻ 0.03). The increase was ablated completely in the presence of Brg1/Brm shRNA, indicating a requirement for SWI/SNF. Inclusion of Mi-2␤ shRNA significantly increased Cd19 transcripts (to 52.2-fold; P Ͻ 0.07). However, the expression of EBF:ER is increased similarly in cells expressing Mi-2␤ shRNA. The reduced enhancement of Cd19 versus mb-1 transcripts by Mi-2␤ shRNA in the presence of EBF and Pax5 may reflect differences in chromatin structure and/or requirements for activation of their respective promoters in M.2 cells.
Demethylation of mb-1 Promoters in Response to EBF and Pax5 Is
Restrained by Mi-2/NuRD. Our previous studies demonstrated that mb-1 promoter activation is blocked, in part, by DNA methylation because 5-methylcytosine (5-meC) interferes with Pax5's recruitment of Ets transcription factors to bind mb-1 promoters in M.2 cells (21, 22) . Our observation that mb-1 transcripts are increased efficiently by EBF:ER, Pax5:ER and the knock-down of Mi-2␤ suggested that these conditions result in demethylation of mb-1 promoters. Therefore, we measured the frequency of 5-meC at 8 positions in mb-1 promoters under various conditions in the presence of 4-OHT (Fig. 3 A and B) . Bisulfite-treated mb-1 promoter antisense DNA strands were amplified, cloned, and sequenced. Activation of EBF:ER (with or without Pax5:ER) increased demethylation of CpG-1 and CpG-2. Significantly, with expression of EBF:ER, Pax5:ER and Mi-2␤ shRNA, CpG-1 and CpG-2 were almost completely demethylated, while demethylation of CpG-3 and CpG-4 was substantially increased. Overall, these conditions resulted in the graded loss of methylation from 5Ј to 3Ј ends of mb-1 promoters.
We next examined patterns of methylation of individual mb-1 promoters in cells exhibiting different levels of mIgM expression. M.2 cells expressing EBF:ER, Pax5:ER and Mi-2␤ shRNA were incubated with 4-OHT and stained to detect mIgM. Using FACS, we purified cell populations that expressed maximal (top 5%) or minimal (bottom 5%) mIgM. We sequenced 20 individual bisulfite-treated clones from each of these populations (Fig.  3C) . The data confirmed that mb-1 transcription is increased in proportion to the overall demethylation of mb-1 promoters. Only cells expressing high levels of mIgM exhibited extensive demethylation of the Pax5-dependent Ets binding site (overlapping with CpG-3) and other downstream CpGs. CpG-5, which is nested within a site known to bind Sp1 (27) , was demethylated with the lowest efficiency. Four of 20 sequences derived from cells expressing high levels of mIgM were demethylated completely. We conclude that EBF:ER and Pax5:ER induce mb-1 promoter demethylation, but they do so inefficiently in the presence of Mi-2/NuRD.
To further investigate the mechanism of mb-1 promoter demethylation in response to EBF and Pax5, we asked whether scheduled DNA replication (i.e., S phase of the cell cycle) is required. We performed experiments similar to Fig. 2D , but in the presence or absence of the DNA cross-linker mitomycin C (MitC). After 48 h incubation with 4-OHT, the generation of mIgM ϩ cells was unaffected by MitC (Fig. S4A) , which reduced DNA synthesis by more than 76% (Fig. S4B) . Moreover, mb-1 promoter demethylation in response to EBF:ER, Pax5:ER and Mi-2␤ shRNA was similar in the absence or presence of MitC (Fig. S4C) . Together, these data suggest that mb-1 promoter demethylation is an active process that does not require scheduled DNA replication.
Initiation of mb-1 Promoter Demethylation by EBF in ex Vivo B Cell
Progenitors. We previously demonstrated that mb-1 promoters are completely unmethylated in pro-B cells and subsequent stages of B-cell development (22) , whereas, only hypermethylated mb-1 promoters were detected in B cell progenitors from EBF-deficient mice. Therefore, to study DNA demethylation in cells ex vivo we used cytokine-dependent B cell progenitors from E ϭ 14. (Fig. 4B) . However, EBF increased chromatin accessibility in these cells by 3.5-fold (Fig. S5) . In contrast, the more complete demethylation of mb-1 promoters in EBFKO cells reconstituted with EBF correlated with greatly increased (327-fold; P Ͻ 0.07) mb-1 gene transcription in these cells. EBF (18-429) also increased endogenous Pax5 transcripts (6.7-fold; P Ͻ 0.04) in EBFKO cells. Taken together, our data suggest that EBF and Pax5 drive demethylation and transcription of mb-1 promoters synergistically during early B-cell development.
Discussion
The specification of developmental programs by transcription factors requires epigenetic changes necessary for the activation of silent genes. Our studies suggest that EBF initiates epigenetic reprogramming in the course of B-cell lineage specification. EBF is expressed at low levels in common lymphoid progenitors (CLPs) and drives their differentiation to become B cells (29) . To address how EBF accomplishes this, we have sought to determine how EBF activates individual genes. Our current studies further strengthened a central role for EBF and revealed roles of Pax5. EBF simultaneously promoted chromatin remodeling, DNA demethylation, and transcription of mb-1 promoters in plasmacytoma cells. In concert with EBF, Pax5 was necessary for propagating demethylation of mb-1 promoters and for efficient expression of mb-1 genes. Experiments in B-cell progenitors derived from EBF-or EBF/Pax5-deficient fetal livers confirmed the importance of these factors for epigenetic remodeling in vivo.
We demonstrated that 2 distinct types of CRCs, SWI/SNF, and Mi-2/NuRD, function in opposition to enable or limit activation of the mb-1 promoter by EBF and Pax5. The induction of mb-1 promoter accessibility by EBF:ER is dependent on SWI/SNF, which has been shown to directly mediate accessibility in other contexts (30) . Our ChIP studies suggest that SWI/SNF complexes including Brg1 regulate mb-1 promoters directly. The dependence of EBF activity on SWI/SNF has not been documented previously, but Pax5 may recruit SWI/SNF indirectly via its interactions with CBP or with Ada2␤ within the STAGA co-activator complex (31) . It is possible that EBF recruits SWI/SNF via other proteins as well. EBF interacts with the co-activator p300/CBP, which acts as a bridge between transcription factors and SWI/SNF (32, 33) . The requirement for SWI/SNF distinguishes pioneer functions of EBF from those of transcription factors that bind and disrupt nucleosomes independently of ATP-dependent chromatin remodeling enzymes, for example, FoxA1 (34) .
Similar to other studies suggesting antagonistic functions of SWI/SNF and Mi-2/NuRD (23), our data indicate that Mi-2/ NuRD acts as a 'gatekeeper' at the mb-1 promoter by maintaining a high threshold for transcriptional activation. Interestingly, EBF:ER and Pax5:ER were not sufficient to support maximal mb-1 transcription in plasmacytoma cells, but the factors potently increased transcription when Mi-2␤ was greatly reduced. Notably, depletion of Mi-2␤ allowed for increased transcription in response to Pax5:ER alone. This supports the hypothesis that Mi-2/NuRD restrains the binding of Pax5 to mb-1 promoters. This threshold is partially overcome by EBF, which promotes the repositioning of nucleosomes necessary for enhanced accessibility. We cannot rule out indirect effects of decreasing Mi-2␤ at other loci, which could activate mb-1 promoters in trans. However, the observed effects on chromatin accessibility of mb-1 promoters are consistent with known functions of Mi-2/NuRD. In addition to its effects on chromatin accessibility, Mi-2/NuRD impedes the propagation of DNA demethylation. This has profound effects on mb-1 expression because demethylation of CpG-3 is necessary for the assembly of Pax5/Ets ternary complexes on mb-1 promoters (21, 22) . Following co-expression of EBF, Pax5 and Mi-2␤ shRNA, complete demethylation of mb-1 promoters was observed in cells expressing the highest levels of mb-1 transcripts.
We observed that, similar to mb-1, Cd19 expression is synergistically activated by EBF and Pax5. However, it is unclear whether Mi-2/NuRD controls Cd19 transcription. However, evidence from the Tagoh laboratory suggested that Cd19 promoters are activated by a stepwise mechanism including 1) chromatin remodeling, 2) binding of EBF, and 3) subsequent binding of Pax5 (26) . Similar to mb-1 promoters, transcription of Cd19 promoters does not commence before Pax5 binding.
We used ex vivo B-cell progenitors to confirm the importance of EBF for initiating demethylation of mb-1 promoters in a more physiological context. Our experiments suggested that Pax5 is essential for this process because restoration of EBF expression in EBFKO-Pax5KO cells lacking Pax5 resulted in only partial demethylation of mb-1 promoters. Therefore, new questions arise concerning the role of Pax5 in this mechanism. Pax5 promotes the propagation of DNA demethylation, including demethylation of CpGs flanking its binding site (CpG-3). Pax5 may accomplish this by recruiting STAGA, which has been linked with nucleotide excision repair in other contexts (35) . Binding of these complexes may assist with exclusion of Mi-2/ NuRD, thus favoring transcriptional activation over the repressed state of the mb-1 promoter.
Similar mechanisms involving the exclusion or removal of Mi-2/NuRD may be important in other contexts of gene activation during the differentiation of B cells and other cell types. Details of this mechanism have yet to be revealed. Is the repressed state imposed by Mi-2/NuRD largely a function of nucleosome compaction, negatively acting histone modifications, or both? Does Mi-2/NuRD repress transcription in B-cell progenitors before the induction of EBF expression, and if so, how is Mi-2/NuRD recruited to promoters? Another question concerns whether the homolog of Mi-2␤, Mi-2␣, has similar functions in lymphocytes. Evidence has confirmed that components of Mi-2/NuRD complexes change during the course of B-cell differentiation (15) . Finally, a central question is how DNA demethylation is achieved in response to EBF and Pax5. Recent studies in zebrafish suggest that DNA deaminase and glycosylase enzymes may be recruited by transcription factors, resulting in the modification and replacement of 5-meC as part of a mechanism related to DNA mismatch repair (36) . Future studies will identify enzymes involved in the demethylation process and address their recruitment by EBF and Pax5.
Materials and Methods
Plasmids. Sequences encoding the Pax5:ER fusion protein were generated by linking residues 1-381 of human Pax5 (provided by Dr. Peter Gruss, Max Planck-Institute, Gö ttingen, Germany) and residues 282-595 of the 4-OHT- responsive ER-LBD (provided by D. Metzger, IGBMC Recherche, Strasbourg, France) with the linker GALTGALTGAI. The fusion protein sequences were inserted into XhoI sites of MSCV-IRES-GFP or MSCV-IRES-YFP vectors (provided by P. Marrack, National Jewish Health, Denver, CO). FLAG-tagged EBF:ER was made by linking FLAG-EBF (18 -591) and the ER-LBD with DAGALTGALTEAI. The fusion protein sequences were inserted into the PmeI site of the Ig-based expression vector VLPE2.13 (37) to make V-FLAG-EBF:ER-E. Retroviral plasmids for expression of Brg1/Brm-or Mi-2␤-specific shRNAs were provided by S. T. Smale (UCLA, Los Angeles, CA) (23) . The MSCV-FLAG-EBF (18 -429)-GFP and MSCV-Pax5-GFP plasmids were reported previously (28) . All plasmids were sequenced.
Cell lines, Transfection, Retroviral Infection, and Flow Cytometry. M.2 and M.10 cells were cultured as described previously (21) . To create the M.2 cell line expressing FLAG-EBF:ER, M.2 cells were electroporated with 3 g of pPUR (Clontech) and 20 g of V-FLAG-EBF:ER-E and cultured as previously reported (22) . Generation of retroviruses and infection of cells were described previously (21, 22) . mIgM was detected using biotinylated anti-IgM (Caltag Laboratories) and streptavidin-conjugated allophycocyanin (APC) and detected using a FACScalibur™ flow cytometer (BD). Alternatively, mIgM was labeled with Cy5-conjugated anti-IgM (Jackson Research Laboratories, West Grove, PA) and detected using a CyAn™ flow cytometer (Dako). ER fusion proteins were induced using 0.5 M 4-OHT (Sigma-Aldrich). Cell sorting was performed as described (21, 22) .
Western Blotting. Whole cell protein extraction and western blotting were performed as described (32, 33) . Rabbit anti-Mi-2␤ antibody was kindly provided by S. T. Smale (Univ. Calif., Los Angeles, CA). Rabbit ER␣-and USF1-specific antibodies were purchased from Santa Cruz Biotechnology. Rabbit anti-Brg1 and mouse anti-Brm were purchased from Upstate USA, Inc. and BD BioSciences, respectively. Analysis of mRNA Transcripts, DNA Methylation, and Chromatin Accessibility. Isolation of total RNA and qPCR were reported previously (28) . Data were analyzed for significance using Student's 1-tailed t test. Sodium bisulfite treatment, PCR amplification, subcloning, and sequencing of mb-1 promoter antisense strands were performed using 2 ϫ 10 4 cells as previously described (21) . Chromatin accessibility assays were performed as described (22) , except that 10 U of Sau96I was used in all test digestion reactions.
Derivation and Maintenance of Fetal Liver B-Cell Progenitors. Mice were bred and maintained in the Biological Resource Center at National Jewish Health (NJH). All studies were approved by the NJH Institutional Animal Care and Use Committee. Ebf1 ϩ/Ϫ mice were made by R. Grosschedl (Max Planck-Institute of Immunobiology, Freiburg, Germany) and provided by Y. Zhuang (Duke University, Durham, NC). Pax5 ϩ/Ϫ mice were made and provided by M. Busslinger (Research Institute of Molecular Pathology, Vienna, Austria). Lineage markernegative (Lin Ϫ ) cells were isolated from E ϭ 14.5 Ebf1 Ϫ/Ϫ and Ebf1 Ϫ/Ϫ Pax5 Ϫ/Ϫ fetal livers (4, 38) by negative MACS separation (Miltenyi Biotec) as described (39) . Lin Ϫ cells were expanded and maintained in the absence of stromal cells in Iscove's modified Dulbecco's medium containing 10% FBS (HyClone), 50 g/mL gentamicin, 1ϫ GlutaMAX-1 (Invitrogen) and recombinant (r) IL-7 (3.3 ng/mL), rSCF (3.3 ng/mL), and rFLT3 ligand (3.3 ng/mL) (R&D Systems).
